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^intake  gate,  and  the  flip  bucket  downstream  of  the  sluice. 

With  the  initial  riser  tested  in  this  model,  the  top  of  the  riser  was 
set  at  el  910  and  the  invert  at  el  810.  Very  unstable  flow  conditions  were 
observed  for  all  discharges  greater  than  800  cfs.  Vortices  and  vapor  cavities, 
sufficient  for  severe  cavitation  damage,  were  observed  immediately  upstream 
of  the  sluice  intake  and  resulted  in  significant  fluctuations  of  pressures  in 
the  bell-mouthed  intake  for  the  majority  of  flow  conditions. 

Recommended  modifications  (type  5  design)  incorporated  into  the  original 
design  included  raising  the  riser  invert  to  el  825  and  placing  a  2V-on-lH 
fillet  on  the  riser  invert.  These  modifications  streamlined  flow  conditions 
into  the  sluice  which  eliminated  the  vortices  and  vapor  cavities  that  formed 
upstream  of  the  sluice  intake  with  the  original  design  and  reduced  pressure 
fluctuations  in  the  bell-mouthed  intake  to  a  minimum.  - 

A  1. -40-scale  model  of  the  type  5  riser,  sluice  intake,  and  a  44-ft-long 
section  of  the  sluice  was  used  to  determine  the  selective  withdrawal  charac¬ 
teristics  of  the  proposed  structural  modification  to  provide  a  selective  with¬ 
drawal  outlet.  Results  from  this  study  were  used  to  modify  an  existing  numer¬ 
ical  selective  withdrawal  predictive  technique  that  forms  part  of  a  lake  tem¬ 
perature  and  turbidity  simulation  model  that  will  be  used  by  the  Ohio  River 
Division  to  determine  the  best  plan  of  operating  the  project  with  the  with¬ 
drawal  structure  to  control  in-lake  and  downstream  temperature  and  turbidity. 
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The  hydraulic  model  investigations  reported  herein  were  authorized 
by  the  U.  S.  Army  Engineer  Division,  Ohio  River  (ORD) ,  on  27  July  1977 
and  by  the  Office,  Chief  of  Engineers,  U.  S.  Army,  on  7  March  1978, 
respectively,  at  the  request  of  the  U.  S.  Army  Engineer  District, 
Huntington  (ORH).  The  studies  were  conducted  by  personnel  of  the  Hydrau¬ 
lics  Laboratory,  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES), 
during  the  period  12  August  1977  to  20  October  1978.  All  studies  were 
conducted  under  the  direction  of  Messrs.  H.  B.  Simmons,  Chief  of  the 
Hydraulics  Laboratory,  and  J.  L.  Grace,  Jr.,  Chief  of  the  Hydraulic 
Structures  Division.  The  hydraulics  model  study  was  conducted  by 
Mr.  J.  F.  George  under  the  supervision  of  Mr.  G.  A.  Pickering,  Chief  of 
the  Locks  and  Conduits  Branch.  Mr.  George  was  assisted  by  Messrs.  James 
Riley  and  Henry  Allen.  The  selective  withdrawal  model  study  was  con¬ 
ducted  by  Messrs.  Charles  H.  Tate,  Jr.,  Mark  S.  Dortch,  and  David  H. 
Merritt  with  assistance  from  Ms.  Nancy  Allen,  under  the  supervision  of 
Mr.  Darrell  G.  Fontane,  Acting  Chief  of  the  Reservoir  Water  Quality 
Branch  (Physical).  This  report  was  written  by  Messrs.  George,  Dortch, 
and  Tate. 

Messrs.  Glenn  Drummond  and  Laszlo  Varga  of  ORD  and  Bo  Copley, 

Randy  Spurlock,  and  James  Lynch  of  ORH  visited  WES  during  the  studies  to 
observe  model  performance,  discuss  test  results,  and  correlate  these 
results  with  concurrent  design  work. 

Commanders  and  Directors  of  WES  during  the  study  and  the  prepara¬ 
tion  and  publication  of  this  report  were  COL  John  L.  Cannon,  CE,  and 
COL  Nelson  P.  Conover,  CE.  Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con¬ 
verted  to  metric  (SI)  units  as  follows: 


_ Multiply _ 

cubic  feet  per  second 
feet 

feet  per  second 
inches 

miles  (U.  S.  statute) 


_ i 1 _ 

0.02831685 

0.3048 

0.3048 

25.4 

1.609344 


_ To  Obtain _ 

cubic  metres  per  second 
metres 

metres  per  second 

millimetres 

kilometres 


I 


4 


SELECTIVE  WITHDRAWAL  RISER  FOR 
SUTTON  DAM,  WEST  VIRGINIA 

Hydraulic  Model  Investigation 


PART  I :  INTRODUCTION 

The  Prototype 

1.  The  Sutton  Dam  project  is  located  in  Braxton  County,  West 
Virginia  (Figure  1)  on  the  Elk  River,  a  tributary  of  the  Kanawha  River. 

The  project,  located  approximately  100  miles*  above  the  mouth  of  the  Elk 
River  and  159  miles  above  the  mouth  of  the  Kanawha  River,  serves  the 
surrounding  area  by  providing  flood-control  protection,  pollution  abate¬ 
ment,  a  habitat  for  fish  and  wildlife,  and  an  area  for  general  recreation. 

2.  Sutton  Dam,  a  concrete  gravity  structure  with  a  maximum  height 
of  210  ft  and  a  length  of  1178  ft,  consists  of  a  280-ft-long  spillway, 
six  40-ft-wide  tainter  gates,  5  gated  sluices,  and  a  50-ft-radius  flip 
bucket.  The  structure  is  designed  to  handle  discharges  up  to  222,200  cfs. 

Existing  Problems 

3.  Two  significant  water  quality  problems  associated  with  with¬ 
drawal  from  the  hypolimnion  have  existed  since  completion  of  Sutton  Dam 
in  June  1960.  These  problems  involved  cooler  than  desired  tailwater 
temperature  throughout  late  spring,  summer,  and  early  fall  and  increased 
duration  of  excessive  turbidity  in  the  outflow  following  summer  storms. 

4.  The  proposed  plan  of  improvements  to  Sutton  Dam  consisted  of 
placing  a  semicircular  riser  on  the  upstream  side  of  the  center  sluice. 

The  semicircular  riser  would  enable  flow  that  is  released  through  the 
sluice  to  be  drawn  from  a  higher  elevation  (the  epilimnion)  or  warmer 


*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measure¬ 
ment  to  metric  (SI)  units  is  presented  on  page  3. 
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layer  near  the  surface  of  the  impoundment. 


Purpose  and  Scope  of  Model  Investigations 

5.  Initially,  a  l:40-scale  model  was  considered  necessary  to  de¬ 
fine  selective  withdrawal  characteristics  of  the  proposed  semicircular 
riser.  During  preliminary  tests  with  a  10-ft-radius  semicircular  riser 
(type  1),  air-entrained  vortices  were  observed  in  the  model  at  the 
sluice  intake,  indicating  unsatisfactory  flow  conditions  in  the  riser 
and  sluice.  The  l:40-scale  model  was  not  adequate  to  fully  evaluate  the 
unstable  flow  conditions;  therefore  it  was  determined  that  a  second 
model,  which  reproduced  additional  details  at  a  larger  scale,  was  re¬ 
quired  to  properly  evaluate  the  hydraulic  performance  of  the  proposed 
selective  withdrawal  riser. 

6.  The  second  model,  a  l:20-scale  hydraulic  model,  was  used  to 
determine  the  hydraulic  adequacy  of  a  proposed  new  design.  The  design 
modifications  resulting  from  tests  conducted  with  the  l:20-scale  model 
were  incorporated  into  the  1*. 40-scale  model  prior  to  conducting  selective 
withdrawal  tests. 

7.  The  1: 40-scale  model  was  then  used  to  define  selective  with¬ 
drawal  characteristics  of  the  recommended  riser  so  that  the  effect  of 
the  riser  on  the  temperature  and  turbidity  regimes  within  and  downstream 
of  the  lake  could  be  properly  evaluated.  Results  of  the  selective  with¬ 
drawal  analysis  were  incorporated  into  the  existing  withdrawal  subroutine 
of  the  thermal  and  turbidity  mathematical  simulation  model  that  is  used 
by  the  13.  S.  Army  Engineer  Division,  Ohio  River  (ORD) ,  for  Sutton  Lake. 
The  hydraulic  models  are  described  in  detail  in  PARTS  II  and  III  of  this 
report . 


Scale  Relations 


8.  The  accepted  equations  of  hydraulic  similitude,  based  on 
Froudian  relations,  were  used  to  express  mathematical  relations  between 
the  dimensions  and  hydraulic  quantities  of  the  models  and  prototype. 
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General  relations  for  transference  of  model  data  to  prototype  equivalents 
are  as  follows: 


Scale 

Relations 

Dimensions 

Ratio 

Hydraulics  Model 

Selective  Withdrawal 
Model 

Length 

L 

r 

=  L 

1:20 

1:40 

Area 

A 

r 

=  L2 
r 

1:400 

1:1,600 

Velocity 

V 

r 

=  L1'2 
r 

1:4.47 

1:6.32 

Time 

T 

r 

=  L1/2 
r 

1:4.47 

1:6.32 

Discharge 

^r 

=  l5/2 

r 

1:1,789 

1:10,119 

9.  The  water 

density 

gradient  obtained 

with  fresh  and  saline 

water  in  the  selective  withdrawal  model  forebay  reproduced  that  expe¬ 
rienced  in  the  prototype  lake.  Model  measurements  of  discharge,  water- 
surface  elevations,  and  pressures  can  be  transferred  quantitatively  to 
prototype  equivalents  by  means  of  the  preceding  scale  relations. 
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PART  II:  HYDRAULICS  MODEL 


Description 

10.  The  l:20-scale  model  reproduced  the  semicircular  riser  with 
trashrack,  a  120-ft-wide  section  of  the  dam,  the  entire  length  of  one 
sluice  including  its  bell-mouthed  intake,  the  intake  gate,  and  the  flip 
bucket  downstream  of  the  sluice  (Figure  2,  Plates  1-3).  The  riser,  up¬ 
stream  side  of  the  dam,  sluice,  intake  gate,  and  flip  bucket  were  con¬ 
structed  of  transparent  plastic  so  that  flow  conditions  could  be  ob¬ 
served;  the  trashrack  was  constructed  of  copper  tubing. 

Model  Appurtenances 

11.  Water  used  in  the  operation  of  the  model  was  supplied  by  a 
recirculation  system.  Discharges,  measured  by  means  of  an  orifice  meter 
installed  in  the  flow  lines,  were  baffled  after  entering  the  model. 
Water-surface  elevations  were  measured  with  a  graduated  scale  and  pres¬ 
sures  were  measured  with  piezometers.  Different  designs,  along  with 
various  flow  conditions,  were  recorded  photographically. 

Tests  and  Results 

12.  Flow  conditions  were  initially  observed  without  the  semicir¬ 
cular  riser  installed  (Photo  1)  for  discharges  ranging  from  200  cfs  to 
3,650  cfs  with  various  heads  and  gate  openings.  Calibration  data  re¬ 
corded  for  a  4-ft  and  full  (10-ft)  gate  opening  (Plate  4)  correlated 
closely  with  the  prototype  rating  curve.  Tailwater  elevations  used 
during  all  tests  are  shown  in  Plate  5. 

Type  2  riser 

13.  The  type  1  riser  design  which  was  initially  tested  in  the 
l:40-scale  model  had  a  radius  of  10  ft  and  was  determined  to  be  too  small. 
It  permitted  flow  to  be  controlled  by  the  riser  rather  than  the  sluice 
and  negative  pressures  sufficient  for  cavitation  were  present.  Thus,  it 
was  necessary  to  enlarge  the  cross-sectional  area  of  the  proposed  riser. 


8 


1 


1'iguro  2.  tit'iUTal  view  ot  modol 


Tho  typo  2  risor  ilrsittn  (Kiguro  l 1  ronsistod  ol  n  1  <>- 1 1  -  rnd  i  us  Noniicir- 
iiilnv  user  pos  i 1  t  onod  on  t  ho  upst  roam  sulo  ot  t  ho  oontor  sluiio.  Tins 
design  was  based  on  providing  mi  average  velocity  ol  S  I|>n  in  tho  risei 
whon  passing  t  ho  design  discharge  ot  2,000  its  which  is  still  iciout  tor 
maintaining  any  entrained  sir  in  susponsion  until  it  is  absorbed  within 
t he  riser.  This  would  pro von l  slug  t low  ol  nil  mid  wnl or  through  tho 
s I  in  or  should  mi  air-entraining  vortex  dovolop  in  tho  prototypo  risot 
mid  would  incroiiso  tho  dissolvod  oxygon  rontont  ot  rolonsos  should  a  del¬ 
icti  oxist.  Tho  mvorl  ot  tho  typo  2  risor  wns  initinlly  sot  at  ol  810* 
witti  tho  lop  ot  tho  risor  nl  ol  'HO.  Dotails  ot  the  typo  2  risor  mid 
t  rnshrnck  nro  shown  in  I’lntos  2  mid  1. 

14.  Flow  conditions  wore  ohsorvod  mid  dorumont od  with  tho  typo  2 

’•  All  o  I  ovations  (oil  r  it  oil  lioroin  mo  in  loot  rot  or  rod  to  mo  mi  son 
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riser  for  discharges  ranging  from  100  cfs  to  3,200  cfs  with  various  gate 
openings  and  upper  pool  elevations.  Vortices  and  vapor  cavities  formed 
at  the  intake  (Photo  2c-2e)  with  discharges  as  small  as  800  cfs  (3-ft  gate 
opening)  and  increased  in  size  and  strength  with  increased  gate  openings 
and  discharges. 

15.  With  partial  sluice  flow  conditions,  vortices  and  vapor  cavi¬ 
ties  would  initially  form  at  the  intake  gate  and  very  rapidly  extend  up¬ 
stream  into  the  bell-mouthed  intake  and  riser.  As  this  occurred  a  tur¬ 
bulent  condition  in  the  sluice  flow  downstream  of  the  intake  gate  would 
develop,  often  causing  the  flow  to  come  in  contact  with  the  roof  of  the 
sluice  (Photo  2e) .  With  full  conduit  flow  (Photo  2f),  small  vortices 
and  vapor  cavities  intermittently  developed  in  the  riser  and  bell-mouthed 
intake.  Pressures  were  not  measured  in  the  center  of  the  intake  where 
the  vortices  formed;  however,  the  presence  of  the  vapor  cavities  indi¬ 
cated  severe  low  pressures  sufficient  to  induce  cavitation,  and  severe 
damage  of  the  riser  and  sluice  would  probably  occur.  The  majority  of 
pressures  measured  along  the  sides  of  the  bell-mouthed  intake  were  posi¬ 
tive;  however,  significant  fluctuations  of  pressures  were  measured  with 
large  discharges  during  fully  open  gate  operations.  These  pressure  data 
are  presented  in  Table  1.  Locations  of  the  piezometers  used  in  measur¬ 
ing  pressures  are  shown  in  Plate  6. 

16.  Calibration  data  obtained  with  the  type  2  riser  with  various 
gate  openings  are  shown  in  Plate  7.  The  discharge  capacity  of  this  riser 
with  the  gate  fully  opened  was  3,100  cfs  with  normal  upper  pool  el  925 
and  3,200  cfs  with  upper  pool  el  935.  A  7-ft  gate  opening  was  required 
to  pass  the  2,000-cfs  design  discharge  (equaled  or  exceeded  about  5  per¬ 
cent  of  time  during  the  period  16  May-15  September)  through  the  sluice 
with  upper  pool  el  925. 

Type  3  riser 

17.  Results  of  a  previous  model  study*  with  a  similar  vortex 


*  P.  H.  Burgi  and  S.  Fujimoto.  1973  (Dec).  "Hydraulic  Model  Studies 
of  Crystal  Dam  Spillway  and  Outlet  Works,  Colorado  River  Storage 
Project,"  REC-ERC-73-22,  Engineering  and  Research  Center,  U.  S.  Bureau 
of  Reclamation,  Denver,  Colo. 
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problem  indicated  that  raising  the  riser  invert  improved  flow  conditions. 
Therefore,  in  the  type  3  design  (Plate  8,  Photo  3),  the  riser  invert  was 
raised  to  el  821.75  in  an  effort  to  improve  flow  conditions  just  upstream 
of  the  sluice  intake.  Flow  conditions  were  considerably  more  stable 
throughout  the  sluice  for  the  range  of  discharges  previously  observed. 
This  resulted  in  a  significant  reduction  of  vortices  and  vapor  cavities 
in  the  sluice  and  reduced  the  pressure  fluctuations  that  were  present 
with  the  type  2  design.  These  pressure  data  are  also  presented  in 
Table  1. 

Type  4  riser 

18.  The  invert  .it  t  hr  i  i-ici  was  raised  to  el  825  (the  same  eleva¬ 
tion  as  the  slune  invert  in  an  effort  to  further  improve  flow  condi¬ 
tions  upstream  of  the  intake  this  was  desigiated  the  type  4  riser 
shown  in  Plate  8  imi  nn  amt  vapor  .  avittes  did  not  form  as  fre¬ 
quently  as  they  did  with  ear  ■  in  designs  tested.  A  further  reduction  of 
pressure  f 1 ui t uat i mis  in  the  bell-mouthed  intake  was  also  noted,  and 
these  data  are  also  lmludrd  in  Table  I 

Type  5  (recommended  design)  riser 

19.  In  the  type  5  design  a  2V*on-lH  slope  fillet  was  installed  on 
the  riser  invert  (el  825)  in  an  attempt  to  streamline  entrance  conditions 
into  the  sluice  as  shown  in  Photo  4  and  Plate  9.  This  modification  elim¬ 
inated  the  vortices  and  vapor  cavities  for  the  full  range  of  discharges 
observed.  A  further  reduction  in  pressure  fluctuations  (Table  1)  rela¬ 
tive  to  those  observed  with  previous  designs  was  noted  which  indicated 
better  flow  conditions,  as  shown  in  Photo  5.  The  discharge  capacity  of 
the  sluice  with  upper  pool  el  925  and  the  gate  fully  opened  was  3,500 
cfs.  A  gate  opening  of  6.5  ft  was  required  to  pass  2,000  cfs  through  the 
sluice  with  upper  pool  el  925.  The  type  5,  16-ft  radius,  semicircular 
riser  is  the  recommended  design,  since  flow  conditions  were  stable 
throughout  the  sluice  for  the  full  range  of  discharges  observed  and  only 
minor  pressure  fluctuations  were  observed  in  the  sluice  intake.  Calibra¬ 
tion  data  are  presented  in  Plate  10. 
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PART  III:  SELECTIVE  WITHDRAWAL  MODELS 


20.  The  selective  withdrawal  model  was  used  to  determine  the  se¬ 
lective  withdrawal  characteristics  of  the  recommended  type  5  riser 

(see  paragraph  19).  These  results  then  provided  the  basis  for  modifying 
and  applying  the  withdrawal  subroutine  of  the  reservoir  temperature  and 
turbidity  mathematical  simulation  model  used  by  ORD.  The  withdrawal  sub¬ 
routine  was  formulated  from  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  generalized  selective  withdrawal  predictive  technique* 
which  also  exists  as  a  computer  code  entitled  SELECT. 

Physical  Model  Description 

21.  The  l:40-scale  selective  withdrawal  model  (Plate  11)  repro¬ 
duced  a  single  sluice  entrance,  the  upstream  sloping  dam  face,  a 
44-ft-long  section  of  the  sluice,  and  the  riser  attached  to  the  face  of 
the  dam.  Flow  was  controlled  by  hand  valves  since  the  service  gates 
were  not  reproduced  in  the  model.  The  44-ft  (prototype)  section  of  the 
sluice  was  transitioned  to  a  3-in.  (model)  plastic  pipe.  The  pipe  was 
branched  and  one  leg  contained  a  rotometer  capable  of  measuring  flows  up 
to  900  cfs  prototype  (Plate  11).  The  other  branch  was  used  to  measure 
higher  flow  rates  with  a  90-deg  V-notch  weir  and  a  volumetric  tank.  The 
model  was  constructed  of  transparent  plastic  for  the  purpose  of  flow 
observation. 

22.  A  transparent  plastic  tank,  40  ft  long  by  16  ft  wide,  served 
as  a  model  forebay.  Density  profiles,  typical  of  those  found  in  the  pro¬ 
totype  lake  due  to  temperature  stratification  (Plate  12),  were  repro¬ 
duced  in  the  forebay  using  fresh  and  saline  water.  Vertical  profiles  of 
the  resulting  stratification  were  measured  using  a  conductivity  probe 
and  a  temperature  probe.  The  same  probes  were  used  to  measure  the 


*  J.  P.  Bohan  and  J.  L.  Grace,  Jr.  1973  (Mar).  "Selective  Withdrawal 
from  Man-Made  Lakes;  Hydraulic  Laboratory  Investigation,"  Technical 
Report  H-73-4,  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE, 
Vicksburg,  Miss. 
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conductivity  and  temperature  of  the  release  through  the  structure.  From 
the  conductivity  and  temperature  measurements  and  calibration  with  solu¬ 
tions  of  known  density,  the  densities  of  the  forebay  profile  and  of  the 
release  could  be  determined.  From  video  recordings  of  dye  streak  dis¬ 
placement  in  the  model,  it  was  possible  to  determine  the  vertical  extent 
of  the  in-lake  withdrawal  zones  and  velocity  distributions  upstream  of 
the  riser  for  various  operational  and  stratification  conditions. 

Test  Procedure 

23.  After  setting  up  the  density  stratification  in  the  model  fore 
bay  and  allowing  time  for  transient  currents  to  damp  out,  a  steady-state 
release  flow  was  established.  Data  collection  was  started  about  5  min 
after  initiating  the  release  to  allow  time  for  the  withdrawal  profile  to 
develop.  Data  collection  consisted  of  obtaining  a  forebay  density  pro¬ 
file,  recording  dye  streak  displacement  for  in-lake  velocity  profiles, 
and  measuring  release  density.  The  stratification  and  flow  conditions 
for  the  test  were  input  to  SELECT  and  predictions  were  made  with  SELECT. 
The  predicted  velocity  distribution  and  outflow  density  were  then  com¬ 
pared  with  that  observed.  This  same  procedure  was  used  for  each  test. 
Approximately  20  selective  withdrawal  tests  were  used  to  compare  with 
SELECT  predictions  that  were  obtained  for  various  computational  assump¬ 
tions  or  modifications.  Through  these  comparisons  it  was  possible  to 
determine  how  SELECT  should  be  modified  and  applied  to  provide  reliable 
predictions.  The  conditions  tested  by  the  selective  withdrawal  model 
covered  a  range  of  pool  and  flow  conditions  of  el  914  to  el  935  and  100 
to  2,689  cfs,  respectively. 

Test  Results 

24.  To  apply  SELECT,  the  hydraulic  structure  must  first  be  classi 
fied  as  either  a  weir  or  an  orifice.  The  computations  depend  on  which 
classification  is  input  to  SELECT.  It  was  initially  thought  that  the 
riser  could  be  treated  as  a  submerged  weir  for  SELECT  application. 
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However,  the  observed  elevation  of  the  lower  limit  of  withdrawal  was 
significantly  different  from  that  predicted  by  SELECT.  The  upper  limit 
of  the  withdrawal  zone  extended  to  the  surface  for  all  tests.  The  riser 
was  simulated  as  a  submerged  weir  with  crest  el  910  and  an  effective 
crest  length  of  50  ft.  Most  of  the  predicted  lower  limits  were  lower  in 
the  pool  than  the  observed  lower  limits  as  shown  by  Plate  13.  The  sub¬ 
merged  weir  simulations  did  predict  the  correct  elevation  of  the  maximum 
in-lake  velocity  most  of  the  time. 

25.  Next,  the  riser  was  considered  as  an  orifice  extending  from 
the  water  surface  to  the  crest  of  the  riser  with  an  effective  center 
line  midway  between  the  water  surface  and  the  crest.  Using  the  orifice 
classification  as  input  to  SELECT,  the  predicted  and  observed  lower 
limits  were  in  good  agreement  for  most  cases  (Plate  14).  However,  when 
the  predicted  and  observed  velocity  distributions  were  compared,  it  was 
found  that  the  observed  elevation  of  the  maximum  velocity  was  lower  in 
most  cases  than  that  predicted  by  SELECT. 

26.  SELECT  uses  a  different  equation  to  compute  the  elevation  of 
the  maximum  velocity,  depending  on  whether  an  orifice  or  weir  outlet  is 
simulated.  Treating  the  riser  as  an  orifice  resulted  in  better  predic¬ 
tions  of  the  lower  limit  of  withdrawal  but  did  not  do  well  predicting 
the  location  of  maximum  velocity.  The  drawdown  over  the  crest  of  the 
riser  appeared  to  affect  the  location  of  the  maximum  velocity  in  a 
manner  similar  to  flow  over  a  weir.  As  a  result  of  the  drawdown  effect, 
the  riser  was  treated  as  an  orifice  but  the  weir  equation  was  used  to 
predict  the  elevation  of  the  maximum  velocity.  Results  of  these  predic¬ 
tions  are  shown  in  Plate  15  as  predicted  versus  observed  average  release 
density. 
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PART  IV:  SUMMARY  AND  DISCUSSION 


27.  A  l:40-scale  model  was  initially  constructed  to  define  selec¬ 
tive  withdrawal  characteristics  of  the  proposed  10-ft-radius  semicircu¬ 
lar  riser.  During  preliminary  tests  with  this  model,  vortices  were  ob¬ 
served  at  the  sluice  intake,  indicating  unstable  flow  conditions.  A 

1: 20-scale  model  was  recommended  to  determine  the  hydraulic  adequacy  of 
the  riser,  including  discharge  characteristics,  pressure  conditions, 
trashrack  details,  and  essential  operational  guidance.  After  the  vor¬ 
tices  were  observed  with  the  10-ft-radius  riser  in  the  l:40-scale  model, 
it  was  concluded  that  a  larger  riser  was  needed  which  should  be  sub¬ 
jected  to  tests  in  a  larger  scale  model  to  define  hydraulic  conditions. 
Thus,  a  16-ft-radius  riser  was  built  in  the  l:20-scale  model.  Design  of 
this  riser  was  based  on  providing  an  average  velocity  in  the  riser  of  at 
least  5  fps  for  a  discharge  of  2,000  cfs  which  would  keep  any  entrained 
air  in  suspension  until  it  is  absorbed  within  the  riser.  This  would 
prevent  slug  flow  of  air  and  water  through  the  sluice  should  an  air  en¬ 
training  vortex  develop  in  the  prototype  riser  and  would  increase  the 
dissolved  oxygen  content  of  releases  should  a  deficit  exist. 

28.  Flow  conditions  were  initially  observed  without  the  riser  in¬ 
stalled  with  various  heads,  gate  openings,  and  discharges.  Calibration 
data  obtained  without  the  riser  correlated  closely  with  the  prototype 
rating  curves  (Plate  4) . 

29.  With  the  16-ft-radius  riser  installed  on  the  dam,  very  un¬ 
stable  flow  conditions  were  observed  for  all  discharges  with  gate  open¬ 
ings  of  3  ft  or  greater.  Severe  vortices  and  vapor  cavities  formed 
immediately  upstream  from  the  sluice  inlet  resulting  in  significant 
fluctuations  of  pressure  in  the  bell-mouthed  intake.  These  unstable  flow 
conditions  were  attributed  to  the  abrupt  change  in  direction  of  flow  near 
the  intake  because  the  riser  invert  was  at  el  810,  15  ft  lower  than  the 
sluice  invert.  Thus,  the  riser  invert  was  raised  first  to  el  821.75,  and 
later  to  el  825,  the  elevation  of  the  sluice  invert.  This  modification 
greatly  reduced  pressure  fluctuations  at  the  intake  and  fewer  vortices 
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were  observed.  However,  vortices  and  vapor  cavities  still  formed  for 
some  of  the  larger  discharges. 

30.  A  2V-on-lH  fillet,  placed  on  the  riser  invert  at  el  825  (type  5 
design),  further  streamlined  flow  conditions  into  the  sluice.  This  de¬ 
sign  eliminated  the  vortices  and  vapor  cavities  at  the  sluice  intake  and 
reduced  pressure  fluctuations  to  satisfactory  levels  for  the  full  range 

of  discharges.  The  discharge  capacity  of  the  sluice  was  3,500  cfs  with  a 
normal  upper  pool  elevation  of  925.  The  type  5  semicircular  riser  design 
is  recommended  for  prototype  construction  based  on  the  results  of  these 
tests . 

31.  From  the  selective  withdrawal  model  study,  it  was  determined 
that  the  withdrawal  characteristics  of  the  riser  predicted  by  the  mathe¬ 
matical  model,  SELECT,  for  the  condition  of  an  orifice  with  center  line 
elevation  midway  between  the  water  surface  and  the  riser  crest  el  910 
were  very  similar  to  those  observed  in  the  physical  model.  It  was 
necessary  to  modify  SELECT  so  that  the  equation  to  predict  the  elevation 
of  in-lake  maximum  velocity  for  weir  flow  conditions  would  be  used  rather 
than  a  similar  equation  normally  used  for  orifice  flow  conditions. 

Applying  the  mathematical  model  in  this  way  provided  reasonably  accurate 
predictions  of  observed  data.  Results  of  the  selective  withdrawal  study 
were  incorporated  into  the  withdrawal  subroutine  of  the  reservoir  temper¬ 
ature  and  turbidity  mathematical  simulation  model  used  by  ORD.  ORD  will 
apply  the  mathematical  model  to  determine  the  best  plan  of  operating  the 
project  with  the  withdrawal  structure  to  control  in-lake  and  downstream 
temperature  and  turbidity. 
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Photo  2.  Side  view  of  flow  conditions  in  sluice  with  type  2  n 
«ind  head  pool  el  (Sheet  1  of  \) 
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b.  Discharge  600  cfs,  gate  opening  2  ft 

Photo  5.  Side  view  of  flow  conditions  in  sluice  with  type  5  riser  design 
and  a  head  pool  el  925  (Sheet  1  of  3) 
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